The phosphorylation state of the myosin thick filament-associated mini-titin, twitchin, regulates catch force maintenance in molluscan smooth muscle. The full-length cDNA for twitchin from the anterior byssus retractor muscle of the mussel Mytilus was obtained using PCR and 5rapid amplification of cDNA ends, and its derived amino acid sequence showed a large molecule (ϳ530 kDa) with a motif arrangement as follows: (Ig) 11 (IgFn 2 ) 2 Ig(Fn) 3 Ig(Fn) 2 Ig(Fn) 3 (Ig) 2 (Fn) 2 (Ig) 2 FnKinase(Ig) 4 . Other regions of note include a 79-residue sequence between Ig domains 6 and 7 (from the N terminus) in which more than 60% of the residues are Pro, Glu, Val, or Lys and between the 7th and 8th Ig domains, a DFRXXL motif similar to that thought to be necessary for high affinity binding of myosin light chain kinase to F-actin. Two major phosphorylation sites, i.e. D1 and D2, were located in linker regions between Ig domains 7 and 8 and Ig domains 21 and 22, respectively. Correlation of the phosphorylation state of twitchin, using antibodies specific to D1 and D2, with mechanical properties suggested that phosphorylation of both D1 and D2 is required for relaxation from the catch state.
Some molluscan smooth muscles exhibit a mechanical state known as "catch" (1, 2) , which is characterized by long term force maintenance with a very low energy requirement (3) (4) (5) (6) . Catch muscles such as the anterior byssus retractor muscle (ABRM) 1 of the mussel Mytilus are innervated by cholinergic and serotonergic nerves. Cholinergic excitation gives rise to an increase in intracellular [Ca 2ϩ ] and force output, but force is maintained in the catch state despite a subsequent decrease in [Ca 2ϩ ] to near-resting levels (7) . Serotonergic nerve activation results in rapid relaxation of catch force without any change in intracellular [Ca 2ϩ ] (7). The relaxation is mediated by an increase in cAMP and activation of PKA (8, 9) .
The central role of PKA in relaxation of catch force led to a series of experiments to identify the protein whose phosphorylation state has such a dramatic effect on regulation of force maintenance in this muscle. Only one protein, having a molecular mass of ϳ600 kDa, showed a change in phosphorylation that corresponded to the release of catch force in permeabilized ABRM (10) . Based on a partial cDNA of the purified isolated protein, it was found to be a homologue of the mini-titin, twitchin (11) , that is associated with the thick filament (12) . The mechanism by which twitchin controls force output seems to reside in the ability of unphosphorylated twitchin to slow the detachment of calcium-free myosin from actin, primarily by slowing the rate of ADP release from attached cross-bridges (13, 14) . In the presence of phosphorylated twitchin, crossbridge detachment is fast at low intracellular [Ca 2ϩ ] (14) . In vitro studies on both native and reconstituted thick filaments from Mytilus also show the primary role that twitchin and its phosphorylation state play in regulation of the catch state (15) .
Under in vitro conditions, phosphorylation of the purified twitchin by PKA indicates rapid incorporation of about 2 mol P/mol twitchin and on prolonged incubation the addition of another mol P/mol twitchin (16) . From the proteolytic digests of isolated phosphorylated twitchin two phosphorylation sites were identified. Based on a partial amino acid sequence (from cDNA) one of these sites was located in the C-terminal region of twitchin. The location of the other site was not established, although there was some evidence to suggest it was closer to the N-terminal end of the molecule (16) .
An obvious limitation to a further understanding of the mechanism by which twitchin regulates the actin-myosin interaction was the absence of the complete primary structure for molluscan twitchin. In addition, it was not known how phosphorylation of the PKA sites related to the mechanical properties of catch muscle. In this report, the full-length cDNA for Mytilus twitchin was obtained using PCR and 5Ј-RACE, and its derived amino acid sequence is presented. Two major phosphorylation sites, i.e. D1 and D2 (16) , were located, and both were in linker regions between Ig domains. Correlation of the phosphorylation state of twitchin, using antibodies specific to D1 and D2, with mechanical properties suggested that phosphorylation of both D1 and D2 is required for relaxation from the catch state. * This work was supported by grants-in-aid for scientific research from the Ministry of Education, Culture, Sports, Science and Technology of Japan (to S. W.), by research fellowships of the Japan Society for the Promotion of Science for Young Scientists (to D. F.), and by National Institutes of Health Grant AR 42758 (to M. J. S.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The 1 The abbreviations used are: ABRM, anterior byssus retractor muscle; RACE, rapid amplification of cDNA ends; PKA, cAMP-dependent protein kinase; MLCK, myosin light chain kinase; MyBP-C, myosinbinding protein C; ECL, enhanced chemiluminescence; TBS, Tris-buffered saline; ASW, artificial seawater; mol P, mol phosphate.
EXPERIMENTAL PROCEDURES
Mussels-Live specimens of the mussel Mytilus galloprovincialis for molecular biology experiments and in vitro phosphorylation of isolated twitchin were purchased from the Tokyo Central Wholesale Market. The ABRM were carefully dissected to avoid any possible contamination with visceral parts, immediately frozen in liquid nitrogen, and stored at Ϫ80°C until use. ABRM for mechanical and phosphorylation measurements on intact and permeabilized muscles were obtained from Mytilus edulis (Anastasi's Fish Market, Philadelphia, PA) and were isolated as described previously (10) .
5Ј-RACE-Total RNA was prepared from ABRM according to the method of Chomczynski and Sacchi (17) . First strand cDNA was synthesized using a 5Ј-RACE kit (Invitrogen) according to the manufacturer's manual. The sequences of primers used for 5Ј-RACE are shown in Fig. 1 . The starting primers, TWR1, TWR2, and TWR3, were designed from the sequence of the kinase domain of Mytilus twitchin described previously (11) . Other primers were designed from the sequence determined in the previous 5Ј-RACEs so that sequences overlap at least 100 bp. Totally, 43 primers were designed and used for cDNA cloning to cover the whole open reading frame. Each PCR was carried out as follows: denaturation at 98°C for 1 s, annealing at 60°C for 5 s, and polymerization at 72°C for 15 s using a Z-Taq DNA polymerase (TaKaRa). This cycle was repeated 30 times without the final extension step. The regions amplified by PCR are shown in Fig. 1 . The DNA fragments amplified by PCR were subcloned into a plasmid vector, pT7 Blue (Novagen), and sequencing was performed by using Dye Deoxy terminator cycle sequencing kits with a DNA sequencer model 373S (Applied Biosystems).
Structural Analysis of Twitchin Motifs-The deduced amino acid sequence of Mytilus twitchin was analyzed by a Single Modular Architecture Research Tool (SMART) (18) .
Mechanical Measurements-ABRM were dissected, and measurements of force production were performed under isometric conditions using an apparatus that was described previously (10, 13, 14) . Intact ABRM were incubated in artificial seawater (10) alone or with additions of acetylcholine (50 M) or serotonin (10 M). Muscles were permeabilized by incubation in 1% Triton X-100 (14) , and the detailed composition of the rigor (no ATP), relaxing (1 mM MgATP; pCa Ͼ 8), and activating (1 mM MgATP; pCa 5) solutions are the same as those used in earlier studies (10, 13, 14) . Muscles were frozen in liquid nitrogen while on the mechanical apparatus, pulverized in frozen 0.5 N HClO 4 , and following thawing and centrifugation, the protein precipitate was solubilized in SDS sample buffer (16) .
SDS-PAGE-SDS-PAGE was performed using buffer conditions of Laemmli (19) and a total acrylamide of 5%. Preliminary gels containing the muscle protein samples were run and stained with Coomassie Brilliant Blue R-250 and subjected to laser densitometry (Molecular Dynamics) and quantitative analysis (ImageQuant Software; Molecular Dynamics). This allowed adjustment of the protein loading on subsequent gels so that the same amount of twitchin was added for each sample used for immunoblotting.
Antibodies, Immunoblotting, and Immunodetection-The antibodies used in this study are those described previously for the D1 and D2 sites in twitchin (16) . The anti-D1 and anti-phospho-D2 antibodies were used at dilutions of 14,000 and 500, respectively, for studies on ABRM proteins.
Proteins were blotted onto polyvinylidene difluoride and stained with 0.1% Amido Black. Before antibody treatment, the blot was scanned (Umax), and the relative amounts of twitchin in each lane were determined. Immunodetection was performed using enhanced chemiluminescence (Amersham Biosciences) and Kodak X-OMAT AR imaging film (Eastman Kodak Co.). The film was scanned with a laser densitometer, and the signal was divided by the relative amount of twitchin on the blot. Each blot contained samples, as well as five standards ranging from unphosphorylated twitchin (from a permeabilized ABRM incubated in a rigor solution for ϳ25 min) to maximally phosphorylated twitchin (from a permeabilized muscle incubated in ATP and cAMP). The phosphorylation level in the sample was determined by comparison to the ECL/protein versus phosphorylation level in the standards.
Phosphopeptide Mapping-Isolated twitchin (16) was phosphorylated by the catalytic subunit of PKA at 25°C for 10 min in 20 mM Tris-HCl (pH 7.5) containing 0.5 mM dithiothreitol, 2 mM MgCl 2 , and 0.5 mM [␥-
32 P]ATP. This was followed by complete digestion with trypsin at 37°C for 24 h. The resulting peptides were electrophoresed on a cellulose plate at 1,000 V for 30 min using 2.5% formic acid and 7.8% acetic acid as a running buffer. Thin layer chromatography was carried out for 9 h in a solution containing 37.5% n-butanol, 25% pyridine, and 7.5% acetic acid. After drying, the plate was exposed to x-ray film.
Synthetic Peptides-The D1 peptide was RRPSLVDVIPDWPC and represented the sequence 1072 to 1084 with a C-terminal Cys residue. The D1 site is Ser-1075. To check on the selectivity of the D1 antibody a peptide containing Ser-1011, i.e. RRPSLVDSMKQHLC, was also synthesized. This is termed the DX peptide and represented the sequence 1008 to 1020 with a C-terminal Cys residue. These peptides were synthesized and purified to greater than 90% purity by Macromolecular Resources (Ft. Collins, CO).
Both peptides were phosphorylated by PKA at 25°C for 20 min under the following conditions: 20 mM HEPES (pH 7.2), 2 mM MgCl 2, 0.5 mM ATP, 100 mM KCl, 0.2 mM dithiothreitol, 200 M peptide, and 0.5 g/ml catalytic subunit of PKA (Upstate Biotechnology, Inc.). Assays using [␥-
32 P]ATP indicated that under these conditions phosphorylation of the peptides reached a maximum at 3 min. The phosphorylated peptides in these assay conditions were used directly for dot blots. The two peptides were equivalent substrates for PKA.
Dot Blots-The reactivity of the phosphorylated and dephosphorylated D1 and DX peptides with the affinity-purified antibody to the D1 peptide was monitored using dot blots. The peptide stock solutions (concentrations determined with the bicinchoninic acid reagent, BCA; Pierce) were prepared in 0.2 mg/ml bovine serum albumin. Samples (10 l) were applied in triplicate to nitrocellulose (Trans-Blot Transfer Medium, 0.2 m; Bio-Rad), air-dried, blocked with 5% non-fat dried milk in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl (TBS) for 30 min, and washed twice for 5 min with TBS. Incubation with primary antibody (D1 antibody at 14,000ϫ dilution) was for 1 h, followed by two 5-min washes in TBS. The goat anti-rabbit horseradish peroxidase-labeled antibody (Chemicon) at 4000ϫ dilution in 1% non-fat dried milk, TBS, was applied for 1 h, followed by two washes for 5 min in TBS. After incubation with the SuperSignal West Pico Chemiluminescent Substrate (Pierce) for 1.5 min the membrane was exposed for 5 min to Kodak X-OMAT AR film. The ECL signals were quantitated by densitometry with Labworks Image Acquisition and Analysis Software and a CD camera (UVP, Inc.). The threshold and outline diameter were set at 1% and 65, respectively. The mean integrated optical density from two or three blots was recorded (arbitrary units).
Mass Spectrometry-Permeabilized ABRM from M. edulis were incubated in a relaxing solution (1 mM MgATP; pCa Ͼ 8) for 5 min and then an additional 5 min either with or without cAMP (100 M). Muscles were frozen, and proteins were subjected to SDS-PAGE. The twitchin-containing band was subjected to in-gel tryptic digestion, and the peptides were analyzed by surface-enhanced laser desorption/ionization mass spectrometry (PBS II; Ciphergen), in the Protein Chemistry Facility of the Kimmel Cancer Institute at Thomas Jefferson University.
RESULTS
Complete Sequence of Mytilus Twitchin-Previously a partial sequence of Mytilus twitchin was reported (16) , and it consisted of the C-terminal 878 amino acids. Based on the estimated molecular mass (from SDS-PAGE) of twitchin of 600 kDa this represented only about one-sixth of the total molecule. This C-terminal fragment contained a kinase domain, four Ig motifs, and one of the sites phosphorylated by PKA, namely the D2 site. In the present study, additional sequencing from the kinase domain to the N terminus was carried out for Mytilus twitchin using fifteen successive rounds of 5Ј-RACE. This generated a new cDNA sequence of 11.7 kbp spanning the region from the kinase domain to the 5Ј-untranslated region, including the initiation codon. The new cDNA, when combined with that previously reported, contained 16.1 kbp and a coding region of 14.2 kbp. From the latter, the deduced amino acid sequence of full-length twitchin was obtained (Fig. 2) , and it represented 4736 residues with a calculated molecular mass of 526,838. It contains 24 Ig and 15 fibronectin type III motifs, in addition to the single kinase domain. The fibronectin type III motifs are well conserved with homologies of 30 to 50%. The Ig motifs show lower homology, between 10 and 25%, except for the five Ig motifs at the N terminus that share about 40% homology. Other regions that should be pointed out include the following: the sequence 790 to 868, between Ig domains 6 and 7, in which more than 60% of the residues are Pro, Glu, Val, or Lys, and an ionic region, 982 to 1009, in which 18 of the 28 residues are charged.
Phosphorylation Sites-Two phosphopeptides were isolated previously from Mytilus twitchin phosphorylated by PKA (16). These were RPSLVDVIPDWP (D1 peptide) and RPSMSPAPEV (D2 peptide). As shown in Fig. 2 , the D1 and D2 peptide sequences are 1073-1084 and 4314 -4323, respectively and the D1 and D2 sites are Ser-1075 and Ser-4316, respectively. D2 is between the kinase domain and the C terminus in a linker region connecting Ig motifs 21 and 22, and D1 is in the Nterminal part of the molecule in a linker region between Ig motifs 7 and 8. The D1 and D2 peptides were isolated and sequenced. Attempts to identify additional sites for PKA by isolating and sequencing the phosphopeptides from twitchin were unsuccessful. Other putative PKA sites include Ser-1011 (termed DX), Ser-1043, and Ser-1067, with flanking sequences of RRPSLVD, RKLSRDN, and RRSSMQQ, respectively. In vitro phosphorylation of twitchin with the catalytic subunit of PKA incorporates approximately 3 mol P/mol twitchin. A phosphopeptide map of such phosphorylated twitchin is shown in Fig. 3 . It shows two major spots containing similar radioactivities and a minor spot with much less radiolabeled peptide. These data raise the possibility that incorporation of 2 mol P/mol twitchin result from phosphorylation of two major sites and that the additional mol P/mol twitchin results from the sum of phosphorylation of several minor sites.
Because the sequencing was done on twitchin from M. galloprovincialis, and the mechanical experiments were performed on M. edulis, comparative cDNA sequencing was performed on M. edulis using RT-PCR and primers based on the M. galloprovincialis twitchin sequence. These showed that the derived amino acid sequences of D1 and D2 in M. edulis were identical to the sequences of the D1 and D2 M. galloprovincialis peptides used to generate the phosphorylation-dependent antibodies. Of note with respect to the mass spectrometry experiments described below was a substitution of Val-4326 with Ile in M. edulis twitchin. Although this is not in the region included in the synthetic D2 peptide, it does change the mass of the tryptic peptide containing the D2 phosphorylation site in M. edulis. The other putative PKA sites near D1 and their flanking regions (RRPSLVD, RKLSRDN, and RRSSMQQ) are also the same in the two species.
Because the DX site contained several residues identical to those in the D1 peptide (i.e. RRPSLVD) it was a concern whether the DX peptide cross-reacted with the D1 antibody. Thus the DX peptide was synthesized and compared in reactivity to the D1 antibody to the D1 peptide. The sequences around the other putative sites were not similar to the D1 peptide and thus were considered unlikely to cross-react with D1 antibody.
Dot Blots-Dot blots were used to examine the sensitivity of the D1 antibody with phosphorylated and dephosphorylated D1 and DX peptides. The responses of the D1 antibody over a wide range of peptide amounts are shown in Fig. 4A . The unphosphorylated D1 peptide showed the strongest reaction. The unphosphorylated DX peptide also reacted, but with a reduced signal compared with D1. Phosphorylation of both peptides considerably reduced their response, and the signal from phosphorylated DX was not detected even at very high peptide amounts. The responses of the antibody over lower peptide amounts are shown in Fig. 4B . Detection of the unphosphorylated D1 peptide was the most sensitive, and a reduced response was observed for phosphorylated D1. Both unphosphorylated and phosphorylated DX were not detected over this range. The load of twitchin used in Western blots was between 0.2 and 1.0 g, corresponding to about 0.4 to 1.9 pmols. The limit of detection in the dot blots for the dephosphorylated D1 peptide was between 1 and 2 ng, i.e. about 0.6 to 1.2 pmols. Thus, at the low levels of twitchin used on blots in the fiber experiments essentially all of the signal detected with the D1 antibody would come from the dephosphorylated D1 site. An important point is that phosphorylated D1 in twitchin would be detected only at concentrations of twitchin exceeding 6 pmols, i.e. considerably above the usual levels of loading. In addition, any signal from the potentially competitive DX peptide (i.e. with the D1 antibody) would not be detected.
Phosphorylation of the D1 and D2 Sites in ABRM-We used the anti-D1 antibody and the previously described anti-phospho-D2 antibody (16) to develop an assay for D1 and D2 site phosphorylation in twitchin from intact and permeabilized ABRM. Permeabilized ABRM incubated in a rigor solution for ϳ25 min was used as the source of unphosphorylated twitchin, whereas muscle incubated in ATP and cAMP was the source of maximally phosphorylated twitchin. Fig. 5A shows the relative ECL signals from different mixtures of these samples. The anti-D1 antibody showed no detectable signal from the phosphorylated sample and an almost linear increase as the fraction of phosphorylated sample was decreased. The anti-phos-
The deduced primary sequence of Mytilus twitchin. Green, immunoglobulin-like motif; yellow, fibronectin type III motif; red, D1 phosphorylated peptide; fuchsia, D2 phosphorylated peptide; cyan, kinase domain; red underline, site that shares sequence with D1; double red underline, DFRXXL motif; black underline, sequence containing high fraction of Pro, Glu, Val, and Lys residues. The motifs were determined using the Simple Modular Architecture Research Tool (SMART).
pho-D2 antibody gave ϳ8% of maximum signal from the unphosphorylated sample and increased with increasing fraction of phosphorylated sample. All phosphorylation measurements of the D1 and D2 sites using this technique are reported relative to the maximum phosphorylation of the site that is obtained with treatment of the muscle with 100 M cAMP.
Twitchin from permeabilized ABRM at pCa Ͼ 8 with and without cAMP was subjected to trypsin digestion and surfaceenhanced laser desorption/ionization mass spectrometry. Fig. 6 shows that in the absence of cAMP there is a peptide with a mass ([MϩH] ϩ ) corresponding to the unphosphorylated D1 tryptic peptide (2030.4). cAMP treatment of the muscle results in the loss of this peptide and the appearance of a peptide 80 dalton larger, as expected from phosphorylation of the D1 site. The almost complete loss of the signal from the unphosphorylated D1 peptide suggests nearly 100% phosphorylation of the D1 site. Twitchin from the same sample also showed no reaction with the D1 antibody confirming the absence of an interaction of the antibody with the phosphorylated D1 site. The small amount of phosphorylated peptide in the mass spectrum from the sample without cAMP is consistent with the 11% phosphorylation of D1 determined on the same sample using the above described antibody technique. The smaller signal in the mass spectra from the phosphopeptide compared with the unphosphorylated peptide is not unusual (20) . The only other instance of a cAMP-mediated decrease in one peak and an increase in another at 80 dalton higher [MϩH] ϩ is 2062 to 2142. This does not match any expected unmodified tryptic peptide but might result from dihydroxylation of the D1 peptide. The unphosphorylated tryptic D2 peptide (1964.3) was not observed in either spectrum, but the phosphorylated sample showed a decrease in a peptide of m/z 1978, which might represent a methylated D2 tryptic peptide. Peaks corresponding to tryptic peptides containing putative phosphorylation sites at Ser-1011, Ser-1043, and Ser-1067 were not observed in the unphosphorylated sample, so possible phosphorylation of these sites could not be determined by this method.
Intact Muscles-The four experimental designs used to determine the state of D1 and D2 phosphorylation in intact ABRM under different mechanical conditions are shown in Fig.  5B . Multiple successive activations with acetylcholine were used to maximize catch force maintenance (21), whereas treatment with serotonin results in release of catch force. Fig. 5C shows that D2 phosphorylation is quite low in catch and high in the presence of serotonin when catch force is released. Interestingly, D1 site phosphorylation is about 40% in catch and increases to almost 100% in serotonin. The increase in phosphorylation of both D1 and D2 in serotonin is reversed when the muscle is subsequently put into catch.
Permeabilized Muscles-To obtain a better understanding of the relationships between the phosphorylation of D1 and D2 and the mechanical response of the muscle, experiments were performed on permeabilized ABRM in which it was possible to vary [cAMP] and the degree of twitchin phosphorylation. Fig.  7A shows the design in which muscles were activated in pCa 5 and then switched to pCa Ͼ 8. In the absence of cAMP, high catch force is maintained, but as [cAMP] is increased, the catch force maintenance is decreased. Fig. 7B shows the force remaining 2 min after transfer to pCa Ͼ 8 (a measure of the catch force), as well as D1 and D2 phosphorylation as a function of [cAMP] . D1 phosphorylation is ϳ30% even in the absence of cAMP and increases to almost 100% as catch force is decreased. D2 phosphorylation is very low in the absence of cAMP and increases to more than 80% as [cAMP] increases and catch force dissipates. Fig. 7C shows the relationships of catch force to D1 and D2 phosphorylation in individual muscles. D1 phosphorylations from 0 to 50% appear to have little effect on catch, but higher values are associated with release of catch force. On the other hand, D2 phosphorylation and force show a very different relationship in that small increases in phosphorylation are associated with changes in catch force maintenance.
It is interesting that for both intact and permeabilized conditions, every muscle that had a D2 phosphorylation of more than 15% had a D1 phosphorylation of 50% or greater. So, increases in D2 phosphorylation that were associated with relaxation of catch force only occur when the D1 site is more than 50% phosphorylated. Relaxation of catch occurs only with phosphorylation of both the D1 and D2 sites with D1 being phosphorylated more readily than D2. with only two in the Mytilus protein (molecular mass ϳ750 versus ϳ530 kDa, respectively). The Align program at Genestream shows 27.7% identical residues. The partial sequence that is available from the kinase domain region of Aplysia twitchin shows high homology with both Mytilus and C. elegans proteins (11). The structural similarity of these molecules from different species suggests that they perform similar functions.
Twitchin, the product of the unc-22 gene in C. elegans, was so named, because mutations of the protein resulted in a constant twitching of the body wall muscle. Extragenic dominant suppressors of the unc-22 mutant phenotype were localized as mutations in the head region of myosin, and the suppressor phenotypes showed slower than normal movement (22) . These results raised the possibility that twitchin may interact with the myosin head and that a mutation that slows myosin crossbridge cycling rate might reverse the effects of twitchin mutation. The twitching phenotype may thus result from removal of a mechanism that slows myosin cycling rate. This would result in faster contraction and relaxation cycles associated with each activation of the muscle in the absence of twitchin. Studies of the mechanical effects of twitchin phosphorylation support the idea that twitchin controls the kinetics of myosin interaction with actin. Phosphorylation of twitchin in Aplysia (23) and in Mytilus ABRM (see Fig. 7 and Refs. 10, 11, 13, and 14) is associated with an increased rate of relaxation. In the ABRM at low [Ca 2ϩ ], myosin detaches very slowly from actin when twitchin is unphosphorylated but detaches very rapidly when twitchin is phosphorylated (14) . Similarly, studies on native and synthetic thick filaments from byssus retractor muscles of Mytilus showed that at low calcium the presence of twitchin promoted actin-myosin binding, but only under conditions expected to result in unphosphorylated twitchin (15) . Therefore, a primary role of twitchin seems to be to slow the detachment of myosin from actin under low intracellular [Ca 2ϩ ]. Phosphorylation prevents this effect and seems to mimic the absence of twitchin in studies on C. elegans and on isolated and synthetic Mytilus thick filaments.
The sequence of Mytilus twitchin includes a short PEVK-rich domain between Ig domains 6 and 7. The PEVK region of titin overlaps the I-band in vertebrate muscles and is thought to contribute to the elastic properties of the resting muscle (24) . This sequence of 79 amino acids in twitchin is shorter and has a lower frequency of PEVK residues than titin from vertebrate striated muscle, and its function is unknown. Smooth muscle myosin light chain kinase (MLCK), which is related to twitchin, also contains a PEVK region, and, as in the case of twitchin, its function in the molecule is not clear (25) . In addition, Mytilus twitchin shares with MLCK the motif (DFRXXL) in the region between the seventh and eighth Ig domains that also contains the D1 phosphorylation site. There are three or five of these motifs in smooth muscle or non-muscle MLCK, and they are thought to be necessary for the high affinity binding of MLCK to F-actin (25) (26) (27) . Twitchin from C. elegans also contains a DFRXXL motif in the same area of the molecule (between the fourth and fifth Ig domain). Interestingly, the PEVK domain from cardiac muscle titin also has been shown recently (28) to interact with actin. The presence of these motifs in twitchin raises the possibility that twitchin binds to actin, but there was little evidence for this in cosedimentation experiments on Mytilus twitchin and F-actin (15) .
Site-specific Phosphorylation of Twitchin-The increase in phosphorylation of twitchin and associated relaxation of catch force is complete within 30 s after addition of cAMP to permeabilized ABRM and addition of serotonin to intact muscles (10) . In vitro phosphorylation of twitchin with the catalytic subunit of PKA incorporates approximately 3 mol P/mol twitchin, but based on the kinetics of phosphorylation (16) two of these sites are preferred. Because the in vivo phosphorylation transients also are rapid, these two sites can be considered as the major physiological PKA sites. In addition, a phospho-peptide map of in vitro phosphorylated twitchin showed two major spots and a minor spot. The results from phosphorylation-dependent antibodies show that two sites whose phosphorylation increases with relaxation of catch are D1 and D2, and these are located in the N-and C-terminal regions of the molecule, respectively. Failure to identify other sites could be because of a multiplicity of sites (i.e. Ser-1011, Ser-1043, and Ser-1067 are candidates) and/or low stoichiometries of phosphorylation. The potential role(s) of phosphorylation at other sites is not known, but based on the present results it is clear that phosphorylation transients of D1 and D2 are compatible with the observed mechanical properties. In this regard, the use of phosphorylation-dependent antibodies to D1 and D2 was valuable for comparison of mechanical response to phosphorylation at the D1 or D2 sites.
In both intact and permeabilized muscles, the D1 site can be 40 to 50% phosphorylated when catch force is well maintained (see Figs. 5 and 7), and there is no change in rate of relaxation of force when D1 phosphorylation varies from 0 to 50% in permeabilized muscles. This strongly suggests that phosphorylation of D1 alone is not sufficient to facilitate rapid detachment of myosin from actin at low calcium concentrations. The relatively high level of D1 phosphorylation compared with D2 phosphorylation in catch in the intact muscles and at low concentrations of cAMP in permeabilized muscles indicates different sensitivities of the sites to protein kinase A and/or phosphatase activity. Isolated twitchin shows an endogenous kinase activity, and this is blocked by the peptide inhibitor of PKA (16) . This phosphorylation was attributed to the copurification with twitchin of the PKA catalytic subunit or unregulated holoenzyme. The basal 50% phosphorylation of D1 in intact muscles and the apparent cAMP-independent partial phosphorylation in permeabilized muscle may reflect a preferential binding of an unregulated holoenzyme/catalytic subunit to the D1 location. It could also reflect binding of another kinase, although this is thought to be unlikely because of the inhibition of endogenous kinase activity by PKA inhibitors (16) . Even if another kinase can partially phosphorylate the D1 site, full phosphorylation of D1 appears to require activation of PKA.
Relaxation of catch force only occurs when D2 phosphorylation increases, and this occurs only when D1 phosphorylation is relatively high. The phosphorylation of both of these sites suggests that a phosphorylation-induced change in interaction at both ends of twitchin is necessary for the observed regulation of cross-bridge detachment rate. The long length of twitchin (ϳ0.2 ) (12) raises the possibility of interactions with multiple myosin molecules, and this provides an obvious mechanism by which phosphorylation-induced changes at the ends of twitchin are transmitted to many myosin cross-bridges (16) .
Comparison to Cardiac Myosin-binding Protein C-Another thick filament-associated protein that is thought to modulate actin-myosin interaction is myosin-binding protein C (MyBP-C), and it is of interest to compare what is known about the structural and functional aspects of this protein to twitchin. Although the exact role of MyBP-C in cardiac muscle is not certain, various reports suggest that it regulates force output and/or velocity of shortening (29 -32) and that phosphorylation of MyBP-C mediates these effects. Isolated MyBP-C is phosphorylated at four sites. Three of these can be phosphorylated by PKA and are located between the second and third Ig domains from the N terminus, whereas the other, which is phosphorylated by PKC, lies between the Fn and Ig domains at the C terminus of the molecule (33) . Phosphorylation of the Nterminal sites is thought to regulate the mechanical effect of MyBP-C (31). Indeed, this portion of the protein shows phosphorylation-dependent binding to myosin S2 (34) . MyBP-C also has a myosin rod binding site located in the Ig domain at the C terminus (35, 36) . Fig. 8 shows that Mytilus twitchin has some structural similarities to the cardiac isoform of MyBP-C. The Ig/Fn domain arrangement in MyBP-C is similar to the portion of twitchin near the D1 phosphorylation site. Both proteins have phosphorylation sites near each end of the molecule, and the N-terminal regulatory phosphorylation sites are followed by similar arrangements of immunoglobulin and fibronectin motifs ([Ig] 4 [Fn] 2 IgFn and [Ig] 5 [Fn] 2 IgFn in MyBP-C and twitchin, respectively). The interdomain region containing the D1 phosphorylation site is aligned with the region in MyBP-C containing the phosphorylation-dependent myosin S2 binding site. These regions of the two molecules do not show significant sequence homologies. There is, however, a highly charged area between residues 983 and 1009 in twitchin that contains 10 positive and 8 negative amino acids, and this charge distribution is similar to an N-terminal portion of caldesmon that has been shown to bind to the S2 region of smooth muscle myosin (37) (38) (39) . Another finding is that there is about 40% sequence identity and 55% homology between the Ig domain that is C-terminal to the D2 phosphorylation site in twitchin and the myosin rod binding Ig domain in MyBP-C. Twitchin and MyBP-C may share a structural basis of function that includes each end of the molecule interacting with a different region of myosin with some of these interactions modulated by phosphorylation of the protein.
